Objective Clinical typing methods of the oral pathogen Streptococcus mutans with molecular analysis can be very specific, but expensive. Repetitive extragenic palindromic PCR (rep-PCR) is a relatively inexpensive pre-screening alternative for isolate selection for additional analyses. This study evaluated the prediction accuracy of using rep-PCR to identify S. mutans multilocus sequence typing (MLST) sequence types (ST) among children and their family members. Potential S. mutans strain sources were evaluated for evidence of transmission. Material and methods Ten dendrograms (rep-PCR), with 20 isolates each of the 10 most common S. mutans genotypes, were generated from different subjects. Using a cut-off of 98% similarity, 7-11 isolates of each genotype were selected for MLST analysis to determine ST match/no-match. Results Overall, rep-PCR was 75% effective at determining MLST ST match/no-match and 90% effective when applied to related individuals. Most genotypes were further differentiated by MLST. MLST ST diversity was greatest for one genotype (genotype 12, G12) and evidence of transmission among children and their family members was identified by rep-PCR and MLST. Younger children (6 months to 4 years old) shared ST with their mothers but 50% of older children (5-9 years old) had ST not identified in their mother. Six ST were shared between different families and probable source members were identified. Conclusion This study confirms that rep-PCR offers an affordable option to predict diverse isolates for downstream applications. Clinical relevance Using a combined rep-PCR and MLST approach, it is possible to track probable transmission and strain sources for S. mutans genotypes.
Introduction
Dental caries is a prevalent global chronic disease affecting between 28 and 82% of children worldwide and is the most common chronic disease among children and adolescents [1, 2] . Although many organisms are suspected in the progression of dental caries, the mutans streptococci (Streptococcus mutans and Streptococcus sobrinus) are the primary bacteria most frequently associated with dental caries initiation. A fundamental objective of the epidemiology of infectious disease is the ability to determine sources of the infection. Studies evaluating the bacterial genotypic diversity of the mutans streptococci, in particular S. mutans, are important for the improvement of caries risk assessments and treatment options.
Bacterial genotyping is the foundation of investigations of bacterial strain genetic diversity, microevolution, and epidemiological surveillance studies. Traditionally, genotyping of S. mutans has been performed using gel-based typing methods including pulse field gel electrophoresis (PFGE), arbitrarily primed PCR (AP-PCR), and repetitive extragenic palindromic PCR (rep-PCR) [3] [4] [5] [6] [7] [8] . Current advances in technology are increasing the application of molecular-based typing applications such as multilocus sequence typing (MLST) and whole genome sequencing (WGS) for S. mutans strain comparisons [9] [10] [11] [12] [13] . It is recommended that gel-based typing methods (e.g., rep-PCR) be confirmed using molecular-based typing methods because different bacterial typing methods can yield different results [14, 15] . The use of a secondary analysis ensures robustness of the methodology and data generated (e.g., validating lineage assignment). Although costs for molecular-based methods continue to decrease, these methods can be significantly more expensive and labor intensive than traditional gel-based typing methods making them less practical for large-scale epidemiological studies as well as less financially feasible. Alternately, it may be more economical to pre-screen isolates prior to employing more expensive testing approaches when appropriate to the research question. For instance, initial analysis using rep-PCR can be utilized to determine strain diversity, revealing isolates that are far more likely to provide diverse data for a comparative genomics study [15] [16] [17] .
The DiversiLab System is an economical option for the investigation of genetic diversity of bacterial isolates using a standardized rep-PCR approach [18] . After PCR, micro fluidics chip technology allows the samples to be visualized using dendrograms, percent similarity and graphic overlays. This method is rapid and economical for high-throughput epidemiological studies. It has been widely used for epidemiological surveillance of clinically relevant bacteria but its application for typing oral bacteria has been limited and unique to our laboratory [4, [19] [20] [21] [22] [23] [24] .
MLST is a molecular genotyping method that characterizes bacteria based on changes in the molecular sequence of select conserved housekeeping gene loci [25] . This method is considered more discriminative and reproducible than gel-based methods because interpretation of gel-based typing approaches are typically based on similarity whereas with MLST a single nucleotide change can result in a new sequence type (ST). Processing and data analysis for MLST analysis is more time consuming and more expensive than for rep-PCR.
Studies investigating the genotypic diversity of S. mutans frequently include transmission analysis. The current literature offers several possible sources of transmission. Mother-tochild transmission of S. mutans has been described as the primary route of transmission [3, [26] [27] [28] [29] [30] [31] . Other studies have suggested that S. mutans strains are often shared with other household family members including fathers and siblings indicating the potential for intra-familial transmission [28, 29, 32, 33] . Furthermore, extra-familial sharing of S. mutans genotypes has been reported for unrelated children within nurseries or school classes [7, 24, [34] [35] [36] . There are several limitations to some of these studies, which include using only one genotyping approach (typically gel based); limited numbers of bacterial isolates (small sample sizes, thus decreased statistical power); and a limited focus (e.g., many studies focus only on mother-to-child without looking at other potential sources).
We have reported that rep-PCR is beneficial for large-scale epidemiological studies of S. mutans [4, 24] , and we predict that it may also effectively be used to determine which isolates are most likely to yield diverse data from additional, more specific, but also more expensive techniques such as MLST or whole genome sequencing. The current study had two aims. The first aim was to determine if rep-PCR could be used to predict S. mutans MLST sequence types. The second aim was to assess the practical application of this approach for a specific research question using rep-PCR to predict MLST sequence types for an S. mutans rep-PCR genotype (genotype G12) to determine likely transmission of this genotype among and between children and their family members.
Material and methods

Sample selection
Isolates used in this study were collected as part of an 8-year longitudinal clinical epidemiological study of S. mutans in rural Uniontown, Alabama, United States. This population is primarily African-American, of low socioeconomic status with limited access to dental care. This University of Alabama at Birmingham Institutional Review Board approved study used informed consent from the parent/guardian and wavier of assent due to the young age of children. S. mutans isolates used in this study were from 2 cohorts of children and their family members. Cohort 1 (CH1) consisted of school aged children (age 5-6 years at initial recruitment, family ID# less than 300) and cohort 2 (CH2) were infants (age 12-18 months at initial collection, family ID# 500 and over). Specifics on sample selection for each of the two-part study design are described in more detail below.
Repetitive extragenic palindromic PCR (rep-PCR)
Rep-PCR was performed as part of the larger Uniontown epidemiological study as previously described [4] . Briefly, whole saliva, plaque and/or tongue samples were collected from children and their family members over an 8-year period. Presumptive S. mutans colonies were selected based on morphological appearance from Gold's media [37] . Strains were pure cultured using Todd Hewitt Broth (Becton Dickinson, Sparks, MD) and DNA extracted using the UltraClean microbial DNA isolation kit (bioMérieux, Inc., Durham, NC). Isolates were confirmed as S. mutans with SYBR Green PCR using gftB-specific primers [38] . Quality of DNA was assessed (260/280 nM optical density) and rep-PCR performed using the DiversiLab system with the Streptococcus DNA fingerprinting kit. Amplicons were evaluated using an Agilent 2100 Bio-analyzer (Agilent Technologies, Santa Clara, CA) with microfluidics LabChip (bioMérieux, Inc.). DiversiLab web-based software was used to determine genotypes using dendrograms and electropherogram overlays. An isolate was classified as a new genotype when an isolate differed by 1 major band or 3 minor bands. Major and minor bands were determined based on a 100-fluorescence units cutoff.
Genotypes were previously determined by rep-PCR for 14,014 S. mutans isolates as part of the larger epidemiological study using methods described elsewhere [4] . For the current study, all available isolates for each of the 10 most frequently reported rep-PCR genotypes from children were complied into a list and randomized in Excel™ using the Rand function. From the randomized list, the first 20 isolates from different children for which sufficient DNA and a strong rep-PCR pattern were available were selected to generate a rep-PCR dendrogram. In rare cases when plaque isolates were not available from 20 children, saliva or tongue isolates were used. In this study, sample types were assumed to be comparable when classified by the same rep-PCR genotype. A total of 200 isolates (19 to 20 children per genotype) were evaluated in the 10 rep-PCR dendrograms representing 108 children. From the 200 isolates in the rep-PCR dendrograms, 97 were selected for MLST analysis.
Each dendrogram consists of a percent similarity tree, sample identification, and virtual gel images. Using an arbitrarily assigned 98% percent similarity cut-off, isolates were predicted to either have a matching or non-matching MLST sequence type. This cut-off was selected based on previous observations from studies in our laboratory using MLST indicating that isolates with < 98% percent similarity tended to have different MLST sequence types (data not shown). Therefore, if the node connecting the two isolates was less than 98% similar (major branch), then it was predicted that the two isolates would have a non-matching MLST sequence type. If the connecting node had a greater than 98% similarity (minor branch), then it was predicted that the two isolates would have a matching MLST sequence type. This process was initially performed using two isolates selected from the most extreme branches of the dendrogram, then repeated for 7-9 isolates for various internal branches (i.e., branches within the tree). An overview of the sample analysis is provided in Fig. 1 . Figure 2 provides an example of this analysis. Prediction accuracy was calculated as the number of correctly predicted MLST sequence types (as either a match or no match) divided by the total number of MLST sequence types evaluated.
To assess the practical application of this approach to identify evidence of transmission, a pool of all index children and their mothers and fathers with a specific rep-PCR genotype (G12) were selected for analysis. Genotype G12 was selected based on a previous observation in our laboratory that this common genotype group contained the most diverse sequence types by MLST analysis [16, 17] . A total of 9 mother-child pairs (M-C), 1 father-child pair (F-C), and 14 children only (i.e., parents did not have G12) groups were used to generate rep-PCR dendrograms. Dendrograms were generated for all G12 isolates for each parent-child group or for each individual child (when the parents did not have this genotype). For children with less than twenty G12 isolates available, only 1 isolate per child was evaluated. For reports with 20 or more isolates, multiple isolates were selected for analysis consistent with the major branches observed. A total of 700 isolates were evaluated in the rep-PCR dendrograms representing 24 children, 9 mothers and 1 father. Sequence type matches were predicted as described earlier and a total of 75 S. mutans isolates were selected from the reports for MLST analysis.
Multilocus sequence typing
MLST was performed as previously described [16] . Briefly, primers described by Nakano et al. for 8 housekeeping partial gene fragments from murI, tkt, glnA, aroE, gyrA, glk, glt, and lepC were amplified using a SYBR green real-time PCR approach [11] . Amplicons were purified and sequenced. Manual alignments were performed using CLC DNA Workbench version 5.7.1 (CLC bio USA, Cambridge, MA) to obtain consensus sequences that were cross-referenced with the oral streptococci www.PubMLST.org database for allele and sequence type assignments. New alleles and sequence types were confirmed and added to the PubMLST database (www. PubMLST.org). New alleles were submitted to Genbank.
Following MLST analysis, sequence type data was added to the rep-PCR dendrograms to determine the prediction accuracy of rep-PCR percent similarity trees in predicted MLST sequence type (Fig. 2) . First the sequence types of the two extreme isolates were compared. Isolates with the same sequence type were considered a match while isolates with different sequence types were considered a no match. Next, internal branches were evaluated. This approach focused on prediction accuracy between the selected isolates but not between different groups. The number of instances that the prediction agreed or disagreed was recorded to determine prediction accuracy. Given that rep-PCR is based on similarity, further consideration was given to isolates that differed by either single-or double-locus variants (SLV and DLV, respectively) because up to two allelic differences are considered clonal complexes (i.e., recently diverged, similar strains) [11, 25] .
Transmission
A subset of the rep-PCR G12 clinical isolates were used to investigate evidence for transmission patterns based on MLST sequence types. The commonality of S. mutans strains by MLST sequence types for G12 isolates for mother-child, father-child and children only (children with no parent with G12 genotype) were assessed to track transmission. Individuals sharing the G12 rep-PCR genotype and the same MLST sequence type were considered as mother-to-child transmission, father-to-child or extra-familial transmission (between unrelated children). Subsequently, it was possible to identify potential sources because a number of strains shared among different children appeared to be shared with only one adult in the study. To further provide evidence for the source, a subsequent extended analysis of other household family members was performed. Other family members with the G12 genotype were analyzed with MLST and the sequence types compared. In cases where the child shared the sequence type with the mother, siblings or cousins with the G12 genotype were typically excluded from the analysis because regardless of the sequence type of the sibling, they would be considered as unlikely sources since the mother already had the shared sequence type. Siblings and cousins were evaluated for cases where the mother and child had different sequence types.
Statistics
A Fisher's exact test was performed to evaluate the ability to correctly predict match or no-match MLST sequence types from the rep-PCR dendrograms (i.e., sensitivity/specificity and predictive values). This analysis included both extreme and internal branches for the top 10 genotypes.
Results
Overall, this study identified six new alleles and 7 new sequence types were added to the PubMLST Database (Online Resource 1: Table S1 ). Genbank accession numbers in the range of KX383950-52 and KX852457-59 were assigned for the six new alleles. Summary demographic data for the number of individuals and isolates evaluated are listed in Table 1 
Prediction accuracy
In the initial analysis of the study, using rep-PCR of the 10 most common genotypes to predict MLST sequence types from the two extreme branches resulted in 2 genotypes (G18 and G09) that were connected by branches with greater than 98% (predicted match) while 8 were non-matching (Table 2) . Based on this, it was predicted that any internally selected isolates would match the MLST sequence type for the two extreme branch isolates for G18 and G09. While G18 did match this prediction, G09 has other sequence types that were different, but only by SLV and DLV. Thus, using extreme isolates resulted in 90% accuracy in predicting if internal branch sequence types would or would not match.
Analysis of 97 isolates on 52 branch groups (5-7 groups per genotype) resulted in 63% (33/52) prediction accuracy (Table 2) . Allowing for SLV and DLV increased the accuracy of prediction to 75% (39/52). Statistical analysis of 62 groups (52 internal and 10 extreme branches combinations) indicated there was a significant predictive relationship using rep-PCR for identifying matching vs. non-matching MLST sequence types (Fisher's exact test, p < 0.001) both with and without SLV and DLV included in the analysis (Table 3 ). The negative predictive value remained the same when SLV and DLV were considered; however, the positive predictive value increased to 70%.
Transmission
When evaluating G12 isolates for prediction accuracy, M-C and F-C pairs were evaluated separately from the children only group (Table 4) . Statistical analysis was not performed on the data from this portion of the study due to small sample size and because the data would be biased since isolates from The blue (circle) nodes indicate branches selected for internal branch analysis (e.g., samples 2 and 4 were analyzed for the first internal branch, indicated by the letter B in the key). Connecting nodes < 98% were predicted to be MLST ST no match, while connecting nodes ≥ 98% were predicted to be an MLST ST match. GT, rep-PCR genotype; ST, MLST sequence type children and their parents were more likely to have the same sequence type. Table 5 summarizes the isolate and MLST data for rep-PCR genotype G12. For the 9 mother-child (M-C) pairs, 6 children shared the same rep-PCR GT and MLST ST with the mother; 3 children had different MLST sequence types from their mothers, although these children shared the rep-PCR genotype. Sequence types were consistent within individuals except for 170-C which had 2 MLST sequence types. The one fatherchild (F-C) pair did not share any MLST sequence types. For the 14 children only (no parents with G12, indicated in Table 5 section B with a BC^prefix), MLST sequence types were a Age was determined based on period of collection for the isolates used for MLST analysis. Subjects with multiple isolates from different periods were included in the average while isolates from the same individual and period were excluded consistent within children except for one child that had two sequence types. Three sequence types were shared among multiple individuals within different families. ST119 (Thailand), ST132 (Thailand), and ST92 (Japan) were isolates matching strains identified in published studies from other countries, while all other isolates were unique to the Uniontown population (United States) [11, 16, 17, 39, 40] . Overall for the extended family analysis (Online Resource 1: Table S2 ), 96 household family members (including mother and father) were available to assess for G12. Of these, only 24 (27.6%) had a rep-PCR genotype G12. Eight of the 9 M-C pairs had at least one additional household family member with G12. MLST analysis was performed for 7 additional family members from 6 families; however, only 3 households (107, 180, and 596) had another adult (assumed a potential source) besides the mother with a G12. In the 14 children only (no parents with G12), only two families had additional family members with G12 (the mean number of family members available was 4). MLST analysis for 5 additional family members in these two families (siblings or cousin) found the same MLST sequence type as the child. Three of the children did not have a mother participating in the study for evaluation while fathers were not available or participated less often in the study overall.
Discussion
Bacterial genotyping is a fundamental instrument in the study of transmission and reservoir determination for epidemiological studies of infectious diseases. Molecular genotyping methods are considered the gold standard for bacterial strain typing, but may not be economically feasible for large-scale study [41] . In the present study, the use of rep-PCR dendrograms as a screening tool to predict clinical S. mutans MLST sequence type diversity is evaluated. Successful application of this approach would be cost-beneficial for pre-screening isolates for more expensive molecular applications such as whole genome sequencing. Furthermore, this study investigates the combined use of MLST and rep-PCR to evaluate evidence for transmission of S. mutans.
Initial analysis using only the two extreme isolates from a dendrogram was 90% accurate in predicting which genotypes would benefit from further analysis (Table 2 ). This was expected as unrelated individuals were expected to be more likely to have different sequence types. It also supports the need to analyze additional isolates within the dendrogram using an alternate typing method (MLST in this study). For the M-C and F-C pairs, as well as the individual children, evaluated in the second part of the study (i.e., G12), the prediction accuracy of the two extreme isolates was much lower at 40 and 20%, respectively. For M-C and individual isolates, it is expected that these isolates are more likely to have the same sequence type within a M-C pair or individual. The observed results were low because of low specificity; the extreme isolates often predicted no match when analysis revealed a match.
For isolates from unrelated subjects, the overall prediction accuracy, when considering both extreme and internal branches, was only 63% and the specificity was 53%, which was lower than anticipated (Tables 2, 3 ). However, it is important to note the rep-PCR branching is based largely on percent similarity and there can be minor variations of isolates classified as the same rep-PCR genotype [4] . In contrast, MLST is more sensitive and discriminative because a single base pair change results in a new MLST sequence type. Thus, the analysis of MLST sequence types was expanded to include SLV and DLV so as to be more comparable to the rep-PCR approach. This modification resulted in an increase to 75% prediction accuracy; however, even when SLV and DLV were considered specificity remained low at 63% (Tables 2, 3 ). These findings suggest that rep-PCR is very effective at predicting MLST sequence types that will not match. Furthermore, it suggests that when isolates shared a minor branch (> 98% similarity) and were predicted to match, the isolates were sometimes further differentiated by MLST. Based upon the analysis conducted in this study, general guidelines for using rep-PCR to predict MLST sequence type can be made. For a rep-PCR single genotype dendrogram, if isolates are from different individuals and have less than 98% similarity, the current study demonstrates a high possibility these isolates are different and therefore additional testing may be unnecessary. For a rep-PCR single genotype dendrogram with isolates from the same individual and have less than 98% similarity, the data indicates a high probability these isolates may have the same MLST sequence type, therefore additional testing may only be needed for validation. If a rep-PCR single genotype dendrogram of isolates from different individuals indicates greater than 98% similarity, then the current study suggests these isolates would most likely have the same MLST sequence type; however, additional analysis of select isolates should be performed for validation.
Although most rep-PCR genotypes were further differentiated by MLST, genotype G12 was the most diverse of those analyzed previously in our laboratory. Therefore, we took advantage of this genotype to focus on transmission analysis. Using extreme branches to predict internal branch MLST sequence type matches for these isolates resulted in a prediction accuracy for G12 M-C pairs of 90 and 75% for G12 individual children (Table 4 ). It is noteworthy that for the individual children, the reduced predictability was due to false no matches (cases where the sequence type were predicted to not-match but actually matched). Transmission of rep-PCR genotype G12 was evaluated using the novel combined rep-PCR and MLST approach (Table 4) . Few studies have used combined genotyping approaches (e.g., AP-PCR, RFLP, chromosomal DNA fingerprinting) to evaluate genetic diversity and transmission of S. mutans in children [35, 36, 42] . The benefit of using a combined genotyping approach is to confirm strain similarity or diversity by evaluating different portions of the genome. The outcome of a combined analysis is a more robust (supportive, although not conclusive) analysis of genetic diversity and transmission.
Overall, transmission analysis included 24 children and 22 of their family members resulting in 14 different MLST sequence types for the rep-PCR genotype G12 (Table 5 , Online Resource 1: Table S2 ). It was observed that for the 15 individuals with more than one isolate evaluated, only 2 had more than one sequence type (13%, 2/15), indicating that sequence types are typically stable, at least within these individuals, for G12 isolates. Lapirattanakul et al. reported comparable results (10%, 2/20) using MLST to evaluate motherchild pairs [10] .
For M-C pairs including infants, sequence types were the same (ID 518, 596, 600). In contrast, M-C pairs for older, school-aged children had 3 pairs for which the child has sequence types that were different from the mother (ID 170, 223, 227). This finding suggests that younger children are more likely to share S. mutans strain types with their mother, whereas older children are more likely to have MLST sequence types that are not shared with their mothers. This finding differs from that reported by Lapirattanakul et al. who found that 75% (9/12) of older children (i.e., 5 years or older) shared a sequence type with their mothers [10] . However, further study with a larger sample size is needed to confirm the present results.
Fourteen children had no rep-PCR G12 match with a parent. However, some of these children did have a sequence type in common with some of the M-C or F-C pairs. ST132, ST157, ST201 and ST202 were most commonly shared, indicating these strains may be more transmissible. Although it is very difficult to prove transmission conclusively, it appears that the mother from family 180 (180-M) may be the initial source for strain ST157. Although the mother from family 227 (227-M) also shares this sequence type, her child does not carry the sequence type whereas both 180 M-C carry the strain. Thus, this mother and her child seem the most likely candidates for sharing the strain with five other children (159-C, 223-C, 597-C, 608-C, 226-C) in this population. The same conclusion may be drawn for ST201 and ST202, for which 600 M-C and 182 M-C share the sequence types, respectively. No other mothers carry these strains yet 3 other children had ST201 (528-C, 588-C, and 601-C) and 4 other children had ST202 (170-C, 227-C, 218-C, 509-C). Based on this data, it is possible to track transmission and the potential source of commonly shared S. mutans strains using rep-PCR to initially screen isolates for further differentiation with MLST. However, this analysis would benefit from information on inter-family interactions, which were not included in the present study. Evidence supporting the identified sources is further strengthened through the overall family analysis (Online Resource 1: Table S2 ). Subsequent MLST analysis for 22 of the family members confirmed the sources noted above and eliminated the other participating adult household members as potential sources. Overall, 6 children shared a MLST sequence type with another family member of which five children shared a sequence type with another child in the family (sibling, cousin, other). This is evidence consistent with child-tochild intra-familial transmission of strains and further supports previous findings reported by our laboratory [24] .
Some limitations should be noted. For the prediction accuracy, the data in this study suggests that individuals within the same family are more likely to have the same MLST sequence types so it is probable that the higher prediction accuracies observed in the second part of the study are partly biased. For both parts of the study, not all isolates on a rep-PCR dendrogram were evaluated so it is possible that these results could have varied if all isolates had been tested. For transmission, in rare instances, not all household members chose to participate in the study and thus other sources not evaluated here may be possible. Also, other individuals in the larger Uniontown Study had G12 strains but were not evaluated in this study since these individuals did not reside with children in this study a n d a n y p o s s i b l e i n t e r a c t i o n s w e r e u n k n o w n . Furthermore, the combined rep-PCR and MLST approach described may not be applicable to all S. mutans strains, such as rep-PCR G18, which consistently have the same rep-PCR and MLST sequence type. Therefore, for some genotypes, alternate approaches would be required.
This study supports the use of rep-PCR to reasonably predict strain diversity for downstream application such as MLST and WGS, providing a more cost effective approach to large-scale epidemiological studies. As regards transmission, some strains of S. mutans genotype G12 are commonly shared while other are family specific. Children may acquire additional MLST sequence types from other sources, other than their mothers, as they get older. Using a combined rep-PCR and MLST approach, it is possible to track possible transmission and identify potential sources for some strains of S. mutans.
